Structural and nonstructural panels have been the fastest growing sector among wood products for the past two decades. The recent spate of plant construction and drop in product prices indicate slower growth and consolidation in the next 2 years. Growth in demand is unlikely to catch up with projected capacities until the next century, unless attrition of some existing capacity reduces industry growth. Among structural panels, costs of production are lowest for oriented strandboard, but there is a wide range among plants. Plywood costs are lowest in the U.S. South and highest in the West. Thus, the contraction of western plywood is likely to continue. Overcapacity also looms for nonstructural panels (particleboard and medium density fiberboard), but engineered structural wood products show opportunities for growth.
English conversion factors

Introduction
In this decade, the defining issue for the forest products industry has been the curtailment of public timber supply. The greatest reductions have occurred in National Forest timber harvests, which are currently less than one-third the peak levels of the 1980s. This shortfall, combined with the economy's unabated demands for wood, has led to significant and sustained increases in the cost of timber (Fig. 1) . However, a reduction in supply of a commodity is inevitably followed by a search for a replacement, and the forest products industry has been no exception. Many trends within the past decade are an outgrowth of changes in the timber supply; a unifying theme of this report is the restructuring of the wood products industry as it continues to make the transition from traditional raw materials to more abundant, lower cost alternatives. It is in that context that we review the evolution of the wood-based panels sector in the United States and Canada, focusing on capacity growth, manufacturing costs, markets, and trade for the veneered and nonveneered panel segments and their offshoots in engineered wood products.
Oriented Strandboard
Oriented strandboard (OSB) has been one of the ways by which the forest products industry has responded to curtailed timber supplies. Because the OSB process is not dependent on large diameter, old-growth timber, the industry has been able to tap into the previously underutilized, low-cost hardwoods, which are located primarily in the eastern half of the continent. Possible future extensions of that resource include fast-growth hybrid poplars and other hardwoods grown agriculturally on short rotations.
Capacity
The primary output of OSB plants is sheathing, but there are specialty grades made for the Japanese market, for seismic or high wind areas (Structural-1), for overlaid panel siding, and for I-joist webstock. At the end of 1996, OSB capacity was more than 15 million m 3 and a total of almost 13 million m 3 of boards was being produced at 65 plants (Fig. 2) . During the year, 11 new plants were opened, adding approximately 2.8 million m 3 of capacity (Adair 1997) ; expansion of several plants and the attainment of full operating potential by others that had opened in 1995, added a further 1.5 million m 3 of capacity. By autumn of 1996, market prices for OSB began to weaken under the weight of the increased supply. The subsequent descent of prices to levels below operating costs led to the permanent closure of three plants, with a capacity of around 0.3 million m 3 . In addition, as many as 25 plants were temporarily idled for varying amounts of time between December 1996 and April 1997. The deterioration in profitability also led some to reappraise their expansion plans. The opening of two plants, originally scheduled for 1997, was postponed until 1998, and at least one retrofit of an existing mill was put off as well. Currently operating and planned sites are listed in Appendix A, Table A1 .
Costs and Prices
As prices began to slide during 1996, the cost structure of the industry became a point of interest. The outlines of that structure began to come into focus with initial announcements of plant closures when prices fell below $150/m 3 (US North Central basis). Prices bottomed at approximately $115/m 3 as curtailments spread and the spring building season started.
Wood costs for OSB manufacturing vary according to plant location, wood species, and plant (wood use) efficiency. There is considerable variability in pulpwood prices across regions, with fiber in some areas costing up to 30% less than the highest price (Table 1) . A common thread through all regions has been a substantial escalation in pulpwood costs over the past decade (Fig. 3 ). In terms of species, hardwoods have generally been less expensive than pine (Fig. 3 ), but many plants in the South use pine as their primary furnish nevertheless because of its greater availability. In the North, the availability of aspen has made this species the fiber of choice. Finally, wood use efficiency is influenced by such variables as wood species, log temperature, speed of cutting, board compaction, and other process variables. On average, wood use per cubic meter of board is estimated to be 1.8 m 3 . Based on these prices and recoveries, average industry wood costs in 1996 were estimated at $53/m 3 of board, with a range from the mid-$40s to high $60s. Next to wood, adhesives and wax are the most expensive items in the manufacture of OSB (Table 2 ). For the industry as a whole, the estimated cost of glue and wax, including isocyanates used by some plants, was $25/m 3 in 1996. Most plants use some form of phenol formaldehyde, which rose in price as a result of a rise in the cost of phenol ($0.05/kg) resulting from limited production capacity. Since no new phenol plants are expected until 1998, the phenol market is likely to remain tight. However, this situation should change by the end of the decade. At least two large plants (Shell and Phenolchemie, 0.25 billion kg each), and possibly as many as four, may be constructed by the year 2000. (In this report, billion is used to denote 10 9 .) The two plants alone would boost U.S. capacity by nearly a quarter.
Another large cost factor is labor, which is strongly influenced by plant size. Because of the efficiencies enjoyed by the bigger, newer plants, labor costs at some sites were estimated to be as low as $13/m 3 in 1996, but averaged $21/m 3 across the industry (Table 2) .
Energy costs have been boosted in the last few years by requirements to control emissions of volatile organic compounds. Many older plants and all new ones in the United States have installed such equipment, which have high energy requirements. As a result, energy costs for 1996 were estimated at $15/m 3 , a significant rise compared to energy costs in the early 1990s (Table 2) . Other manufacturing costs consist of operating materials and supplies, which were estimated at $26/m 3 . Costs for the industry show about a 30% increase since 1980, chiefly as a result of rising wood costs. Product prices increased sharply in the early 1990s, reversed course in 1995, dropped significantly in 1996, and, based on prices already seen, are going to fall again in 1997.
Softwood Plywood Capacity
The softwood plywood sector in the U.S. South weathered the 1996 market downturn relatively well and all pine plants operated through the year's end. However, a number of plants have been idled or curtailed in 1997, ostensibly the result of log procurement difficulties; one plant was permanently closed in May. Pine capacity nevertheless remains at around 12.5 million m 3 (Fig. 4 ). In the West, however, the attrition of mills continued during 1996 with the closure or conversion of four plants; total capacity currently stands at approximately 6 million m 3 . Data on past and projected capacity of softwood plywood manufacturing industries are listed in Appendix A, Tables A2 to A6.
Costs and Prices
As for OSB, wood has constituted the largest share of the cost of manufacturing plywood. In 1996, the delivered cost 1976  5  14  23  16  24  83  122  1977  6  15  20  16  26  83  131   1978  7  17  15  16  27  81  139   1979  8  18  22  18  28  94  145   1980  9  20  27  21  30  107  123   1981  11  22  28  22  32  115  136   1982  13  26  28  23  31  121  144   1983  12  25  28  24  34  123  158   1984  12  25  28  24  35  124  140   1985  12  24  29  25  36  125  153  1994  14  23  22  28  47  130  252   1995  15  22  24  28  52  141  242   1996  15  21  25  26  53  141  184 Source: Forest Products Laboratory estimates. for sawtimber-grade logs in the U.S. South was approximately $73/m 3 ; the cost rose to about $80/m 3 in the first quarter of 1997. By contrast, in coastal Oregon and Washington, the equivalent value for one grade of logs (Douglas-fir No. 2 sawlogs) was reported to be about $150/m 3 . After accounting for process losses (estimated average wood recovery factor >50%) and gains from residue sales, net wood costs in the South were estimated to be $117/m 3 of product in 1996. Costs were similar for the inland West and Canada, but about 40% higher for the coastal West (Table 3) .
Like wood, adhesives were a source of cost inflation in 1996, for the reasons cited for OSB. Costs of adhesives were based on three-ply construction for the South and four-ply for other regions. Manufacturing costs are summarized in Table 3 for all regions and in Table 4 for the U.S. South alone. In 1996, the total manufacturing cost for plywood in the South was estimated to be $206/m 3 compared with a selling price of $231/m 3 . Profitability during 1996 fell from previous levels in the early part of the decade.
Structural Panels
Demand in New Residential Construction
In 1995, an estimated 11.0 million m 3 of structural panels were used to build new single-family and multifamily houses in the United States (Adair 1996) . Given the total U.S. structural panel production of 24.2 million m 3 (Adair 1997) , consumption for new residential construction was equivalent to more than 45% of total domestic production. Planned increases in structural panel capacity, specifically OSB, have caused concern regarding possible markets. New residential construction, although already a large market for structural panels, could potentially absorb large additional volumes. To estimate the possible volume, we examined published trends in market shares since 1968 for major applications (Adair 1996 , Anderson and McKeever 1991 , APA 1996 , Carney 1973 , 1977 , Felch 1970 (Tables 5 and 6 ).
Floor Systems
In 1995, structural panels captured 55% of the single-family and 54% of the multifamily floor sheathing market (Tables 5  and 6 ). Shares in both markets have been fairly constant since the late 1960s. The largest competitor to structural panel floor sheathing is the concrete slab, which is both a foundation and first-story floor system. Typically little, if any, wood is used in conjunction with a concrete slab. The annual percentage of concrete slab floor area varies, but it is generally around one-third of total floor area for both singlefamily and multifamily construction.
Oriented strandboard has steadily eroded softwood plywood's share in floor sheathing. The OSB market share rose from zero in 1976 to 24% in single-family houses and 30% in multifamily houses in 1995. However, these increases represented the lowest inroads among the main categories of sheathing. The accumulation of water from rain and melting snow on flooring during construction can cause edge swelling in all wood-based panels in general, but OSB in particular. Rather than risk later problems, many builders continue to use plywood even though its initial cost is greater. Nevertheless, OSB is likely to make additional inroads as a result of the widening cost differential.
Market potential for structural panels in floor systems in new single-family and multifamily dwellings was estimated to be nearly 2.1 million m 3 in 1995, with the most potential (79%) for new single-family construction (Tables 5 and 6 ). Market potential is defined here to be the sum of lumber and nonstructural panels being used, converted to the equivalent amount of structural panels, plus the amount that would be required to displace all nonwood building products. Displacement of the concrete slab by a traditionally framed and sheathed wood floor system, or a "hybrid" woodsheathed or wood-slab floor system, would constitute the largest share (1.9 million m 3 ).
Exterior Wall Systems
In 1995, structural panels captured 52% of the single-family and 43% of the multifamily exterior wall sheathing markets (Tables 5 and 6 ). These percentages are substantially higher than those of previous years. During the 1970s, structural panels averaged about 16% of each market. Since 1976, markets have grown rapidly for OSB but also for foamed plastic sheathing, the single largest wall sheathing competitor for structural panels. The market share for softwood plywood increased during the 1980s but fell by 1995. Foamed plastic had captured about 30% of the market in 1995.
Trends in using OSB compared to softwood plywood for exterior wall sheathing closely parallel those for floor sheathing, with the exception of the rapid increase in the use of OSB and softwood plywood in 1988. We expect that OSB will continue to erode the market for softwood plywood wall sheathing, but foamed plastic sheathing will maintain its hefty share as a result of code-mandated levels of wall insulation.
Overall market potential for structural panels in wall sheathing was estimated to be nearly 2.2 million m 3 in 1995, with single-family wall sheathing accounting for 79% (Tables 5 and 6).
Roof Systems
Structural panels are the roof sheathing product of choice in the United States. Small amounts of lumber sheathing are used, primarily under tile or metal roofs, as are small amounts of other sheathing products. In 1995, structural panels accounted for 98% of single-family and 94% of multifamily roof sheathing (Tables 5 and 6).
The use of OSB roof sheathing has grown rapidly in recent years, primarily at the expense of softwood plywood. In 1976, softwood plywood accounted for about 84% and OSB only 1% of the single-family roof sheathing market and 87% and 1%, respectively, of the multifamily market. By 1995, softwood plywood's share fell to 37% for single-family and 19% for multifamily dwellings. Meanwhile, OSB rose to 61% and 75% of these markets, respectively. As the OSB market share approaches saturation, additional increases are likely to be smaller in comparison with past figures.
Structural panels have little more to gain in roof sheathing. Displacing lumber and other sheathing materials would result in a net gain of slightly less than 0.1 million m 3 .
Exterior Siding
Structural panels play a small role in the residential exterior siding market. In 1995, structural panels were used for siding for just 9% of single-family and 4% of multifamily dwellings (Tables 5 and 6). During the 1970s and 1980s, structural panels maintained about one-fifth of the siding market for single-family construction. During this same period, the market share for multifamily construction declined steadily, from 38% to 15%. In general, the demand for all wood siding products has declined since the 1980s, in favor of metal, vinyl, and masonry siding. In 1995, nonwood siding materials accounted for more than 75% of all siding used for single-family construction and nearly 90% of that used for multifamily construction. Exterior wall sheathing Nearly the same amount of softwood plywood and OSB was used for siding for single-family (4% and 5%, respectively) and multifamily (2% each) construction in 1995. Little change is expected in the mix and amount of structural panels used for exterior siding.
Since structural panels had such a small market share in 1995, the potential market is large. Capturing the lumber and hardboard markets would result in a gain of 0.5 million m 3 , while capturing the nonwood siding market would result in a gain of 3.8 million m 3 (Tables 5 and 6 ).
Overall Market Potential
The estimated maximum theoretical market potential for structural panel sheathing and siding in new residential construction was estimated to be 8.7 million m 3 in 1995. Overall, exterior siding accounted for nearly half of this potential; floors and exterior walls each accounted for about a quarter of the market potential. Additionally, the potential for roofs was negligible (Fig. 5 ). The potential for wood fascia, soffits, and I-joist markets is growing. In terms of construction type, new single-family construction accounts for 80% of the total market potential. Of course, it is unlikely that all the potential will be realized, and achieving even a part will not happen spontaneously. Concerted promotional efforts, research into improved products and performance, and competitive pricing are necessary to capture additional market share.
Demand and Supply
To place the demand and supply for structural panels in perspective, we charted the combined evolution of plywood and OSB (including waferboard) consumption from 1970 to 1996 ( Fig. 6 ). Over this period, the annual rate of growth averaged 3%. We projected future demand by extending the 1996 base by this growth factor through 2001. We then superimposed the capacity of currently operating and announced plants, assuming no attrition of existing mills or cancellation of planned projects. The results showed that, at the historical growth rate of demand, the 1995 capacity utilization rate of 95% would not be reached again until the year 2001. This implies that the structural panel markets would be oversupplied for about 4 years. Such an extended period of weakness would test the endurance of many firms, and it is likely that the demand/supply imbalance will be corrected by some attrition in both the plywood and OSB sectors.
Prefabricated I-Joists
Although wood I-joists have been manufactured for the better part of 30 years, until recently the I-joist market was largely the domain of one company (Leichti and others 1990). Within the past 5 years, several other firms have entered the market on a large scale, buying out independent operations or setting up their own plants. I-joists have become very visible in the field of light-frame construction and are being sold in building material centers alongside conventional wood joists. The emergence of reconstituted joists raises the possibility that wide dimension lumber will be the next established wood product to be displaced by an engineered wood substitute made in part from small-diameter trees.
I-joists consist of two wide flanges connected by a thinner wood web. Depth ranges from 15 to 72 cm, but most commonly falls between 23 and 46 cm. Length reaches 24 m. I-joists can be placed into two principal groups based on the type of flange: lumber or laminated veneer lumber (LVL). Most lumber-flange I-joists are made from machine stress rated (MSR) grades, but visually graded No. 2 and Better lumber is also employed, depending on the market being targeted. For the web, a specialty grade of OSB is the predominant material. Initially, plywood was the main web material, but plywood is now relegated to a small share, principally in those markets where regulations mandate its use. Markets I-joists are used predominantly for floor framing and secondarily for roofs. The markets for I-joists can be roughly divided into two categories according to complexity of use:
(1) industrial, commercial, and large residential construction and (2) low-rise residential construction.
Industrial, commercial, and large residential projects constitute the smaller but more challenging end-use segment for I-joists-spans are longer, loads are heavier, and overall framing complexity is greater. Engineering analysis and support is often needed to ensure safe and successful product application.
Low-rise residential construction generally involves simpler designs and offers a greater potential for large volume sales of a standardized commodity. With this in mind, some fabricators are producing lumber flange I-joists for the residential market, often using lower cost visual grades and shorter lengths (≤7.3 m) than those generally used for I-joists. These special I-joists are intended as one-for-one replacements for lumber. Their engineering design properties are lower than those of I-joists made with LVL or MSR flanges, but they maintain the general attributes of dimensional stability, straightness, light weight, and uniformity. Moreover, lumber-flange I-joists are less expensive. At the opposite end of the spectrum, LVL flange I-joists have the highest design properties, but they are costly. LVL flange I-joists are most economical when their design attributes are taken advantage of to widen spacing or extend spans. Presently, most I-joists are produced with LVL or MSR lumber.
Savings in Wood
From the resource perspective, one desirable feature of engineered wood I-joists is that they economize on the use of fiber. Even when I-joists are used as a one-for-one substitute for lumber, the fiber savings can be significant because thin material is used for the web, there is less scrappage, and joist ends do not need to overlap. Wood contents for various configurations of I-joists are listed in Table 7 . Some key assumptions in the calculations were as follows. For 49-cm on-center (o.c.) spacing, wood volume in I-joists was reduced by 17% to reflect lower material use per unit area of floor, and the same subfloor thickness as that for 41-cm spacing was assumed. Solid lumber volume was increased by 17% to reflect joist lapping. Fiber volume in the OSB webs was increased by 80% to reflect fiber losses and panel densification.
The amount of fiber savings depends on joist type and spacing. In about two-thirds of U.S. residential construction, framing members are spaced 41 cm apart. At that spacing, fiber savings are greatest when LVL or nominal 2 by 2 lumber flanges are employed. 1 Although members can be spaced 61 cm apart (as they are in about 12% of floors), this spacing is not used extensively because of the perception that such floors are too bouncy. Thicker subfloor requirements also limit overall fiber savings. As a compromise, 49-cm spacing is often employed (in about 14% of floors). (As with other spacings, the 49-cm spacing divides into even 244-cm modules.) If the same sheathing thickness is used, I-joists can result in fiber savings of almost 50%.
Monetary Savings
I-joists are sold on the basis of greater utility to builders because of labor savings, reduced waste, and fewer callbacks. However, differences in performance confound comparisons between solid wood and I-joist systems. Floor joists are designed as simply supported, single-span beams. Of the two main design criteria of strength and stiffness, stiffness is often the limiting factor and the full strength of the joist is not utilized. However, one way in which stiffness can be increased is by making members over adjacent spans continuous (Soltis 1985) . This accounts in part for the higher stiffness of floors made with I-joists, which, because they are available in longer lengths, are able to continuously span the entire distance between foundation walls. To give comparable lumber performance, either larger (deeper) joists have to be employed, spacing has to be reduced, or continuity of Ijoists must be imitated by lapping and nailing adjacent pieces over the center girder. Current framing practices call for a minimal 0.1-m overlap. This overlap has a negligible effect on stiffness because the potential benefit (the moment connection) is a function of the length of the overlap at the bearing point. In this comparison, we based our calculations on lumber and I-joists with equal depths but assumed a lumber overlap of 1.2 m instead of the nominal 0.1 m, obtained by using the next length increment. In terms of labor, the Means construction estimating manual assigns equal requirements per unit of length for both solid wood and I-joist systems (R.S. Means 1997). This method may understate I-joist costs because their cross-sectional shape mandates the use of specialized hardware. Blocking and web stiffeners under bearing points and concentrated loads may also be necessary. However, the I-joist system has the advantages of lighter weight and easy access for wiring through the webs.
In terms of waste, a common concern for builders is losses resulting from the inconsistent quality of lumber, but these concerns have not been determined systematically. As noted previously, solid wood joists are overlapped with adjacent in-line joists by at least 10 cm. Since lumber is sold in 0.6m increments, this can lead to more overlap than required, although this is often unnecessary because the sheathing and header joists push the joists far enough from the wall edge to achieve the 10-cm overlap at the center. I-joists can be used more efficiently than solid lumber because they are sold in longer lengths and can be used to span greater distances continuously. The material savings potential of this feature is compounded by the possibility of wider spacing.
In terms of callbacks, the advantage of I-joists is based on the perceived decline in sawn lumber quality as expressed in greater incidence of wane, cupping, twisting, bowing, knots, splits, and warp, and the dimensional changes that solidsawn joists undergo in service as they dry (which lead to shrinkage gaps, loosening of nails, and squeaky floors).
Taken together, the estimated in-place costs for various floor framing alternatives are shown in Table 8 . At recent prices for 2 by 10 lumber, 2 these data show that costs for floor I-joists are roughly on par with costs for 2 by 10 construction, even when I-joists are substituted one-for-one for solidsawn joists. However, when more expensive I-joists with LVL flanges are used, wider spacing becomes necessary to stay competitive with lumber. The savings from potentially fewer callbacks are unknown, but this could add to cost advantages for I-joists. Figure 7 illustrates the cost sensitivity of I-joist systems to variations in lumber prices. The chart is predicated on the simplifying assumptions that prices of various lumber sizes move in tandem and that LVL prices are independent of changes in lumber markets. At a delivered price below $3.45/m, the lumber system is the least costly; above $3.65/m, lumber is the most costly.
Profitability
Wood I-joists have been traditionally marketed at substantial premiums over sawn joists. Those premiums began to shrink as dimension lumber prices escalated in the 1990s and I-joist markets became more competitive (Fig. 8 ). In the spring of 1997, a spot check of dealers revealed that 24-cmdeep I-joists ranged in price from $5.90/m for brand-name products to $4.55/m for similar joists on special sale. A moderate quote was $5.25/m, with unspecified discounts for volume orders. At the lower end of the range, I-joists with narrow lumber flanges could be bought for $3.95/m.
Manufacturing costs of 24-cm-deep I-joists vary according to type and grade of flange material. The main cost components, based on lumber and OSB prices as of March 1997, are listed in Table 9 . It is noteworthy that flange and web costs constitute from two-thirds to four-fifths of direct manufacturing costs, while labor costs account for only a small fraction. Overall, at current selling prices, all manufacturing options meet a target profit margin of 25% and leave a cushion to buffer cost fluctuations. Many entrepreneurs have entered the industry over the years, but many have also left, through closure or merger.
Both large and small lines currently coexist because the economies achievable by large-scale production are relatively small compared to the costs of the underlying material. Small lines have lower staffing requirements and carry a lighter capital burden, thus providing a low-cost means of entry into the industry, but on a per unit basis both of these costs are higher than those for big plants. A number of small lines that had been taken over by competitors were eventually closed, which suggests that as the sector matures, throughput and unit cost considerations will become more important in determining the size and scope of the industry. For the time being, however, customer service and engineering support appear to be as important as low costs in the success of an I-joist enterprise. Estimated capacity and production for various I-joist plants are listed in Appendix A, Table A7 .
The I-joist industry is rapidly expanding (Fig. 9 ), much as OSB expanded a decade ago or particleboard and plywood in the 1960s and 1970s. I-joists are estimated to have captured only one-seventh of the floor framing market (Wood Truss Council 1997), suggesting considerable room for growth. Currently, the industry leader is engaged in a $45 million expansion program that will add capacity in the future. Another source of activity stems from franchised miniplants geared to serve regional markets.
Laminated Veneer Lumber
The growth of the laminated veneer lumber (LVL) industry has paralleled the growth of I-joists since about half of LVL production is used to fabricate I-joists. LVL beams are also used independently as girders, for long spans, and for heavy loads. LVL is an all-veneer structural wood product composed of thin veneers oriented in the same direction. The veneers are C or D visual grades that are acoustically regraded to segregate the strongest sheets for the outer plies where they maximize overall beam strength and stiffness (Vlosky and others 1994).
The current LVL industry consists of nine firms that operate 17 plants (Appendix A, Table A8 ). Estimated industry capacity in 1997 was 1.5 million m 3 , of which TrusJoist-McMillan accounted for almost half. Boise Cascade, Sunpine (slated to start in September 1997), Louisiana-Pacific, Tecton (now an L-P subsidiary), Georgia-Pacific, and Willamette make up the bulk of the remainder. Union Camp is slated to enter the field in 1998 with a large plant in Alabama. Estimated capacity and production are shown in Figure 10 . Manufacturing costs of a 160,000-m 3 plant using West Coast log prices are listed in Table 10 . The table shows total operating costs of $465/m 3 . This figure contrasts with the current listed dealer-selling price (fob mill price plus shipping plus dealer markup) of around $900/m 3 and recent fob mill price of $550/m 3 . On a lineal basis, LVL costs to builders have been recently quoted at $10/m for 2 by 10 beams. At such prices, LVL beams are considerably more expensive than solid-sawn beams of similar dimensions, although builder discounts probably reduce that cost somewhat. 
Particleboard Capacity
The manufacturing of particleboard in the United States began on a large scale after World War II as a low-cost replacement for lumber and plywood. In industrial markets, the primary use of particleboard is core material for doors, furniture, and cabinets. In housing construction, particleboard is used for floor underlayment, floor decking in mobile homes, and stair treads. After initial rapid growth in the 1960s, the particleboard industry settled down to slower but steadier expansion in the 1970s and 1980s (Fig. 11) . The industry has continued to grow moderately. In 1996, one new plant was constructed, but another facility closed in Virginia at the end of the year. One new plant is due to start in 1997. Total U.S. capacity will then consist of 46 plants with the ability to produce almost 9 million m 3 .
The Canadian particleboard industry has shared in this growth even in the midst of some plant attrition. There are currently eight plants with approximately 2.5 million m 3 of capacity. Past and projected capacities of Canadian and U.S. plants are listed in Appendix A, Table A9 . This listing does not include several small plants that utilize agricultural residues as the fiber furnish. At least two such facilities are operational, in North Dakota and Texas. Two additional plants have been announced, one a large 250-thousand-m 3 plant in Manitoba and another of unspecified capacity in Minnesota.
Costs and Prices
Costs of particleboard manufacturing are listed in Table 11 . Unlike plywood and OSB, particleboard is made primarily from lumber and plywood residues. Approximately 0.8 tonnes of fiber are required to make an average cubic meter of product, or 1.2 tonne of fiber per tonne of board. The cost of that fiber has increased to approximately $36/tonne ($31/m 3 of product) from less than $11/tonne ($9/m 3 of product) in the 1960s (Fig. 12) . In 1996, total manufacturing costs, excluding depreciation and overhead, were estimated at $128/m 3 as compared to an average selling price of $165.
Medium Density Fiberboard Capacity
The first North American medium density fiberboard (MDF) plant was started in 1966 in New York. The number of plants increased to 18 by 1994, representing a capacity of more than 2.5 million m 3 . Subsequently, many new plants were announced-two became operational in 1995-raising capacity to 3 million m 3 . In 1996, six plants were started and one was closed, increasing industry capacity by 1 million m 3 . Two new plants are scheduled for 1997 and two for 1998, when capacity will exceed 5 million m 3 (Fig. 13) . 
Costs and Prices
Although the production processes are similar to those used for particleboard, the costs of making MDF are higher. Census figures show that average labor productivity for MDF is lower and energy consumption for fiber preparation is higher.
Resin and wax consumption are also somewhat higher. MDF boards have been priced at substantial premiums over prices for particleboard, but that premium began to narrow in the fall of 1996 as expanding MDF capacity began to affect the panel markets (Fig. 14) . These trends have put the two products into increased competition and suggest upcoming pressure on MDF profitability.
Trade in Wood-Based Panels
With the large expansion in U.S. and Canadian wood-based panel capacity, one area viewed as having the potential to absorb some of this new production is the overseas market. The fast growth of some foreign economies, particularly those in Far East Asia, certainly raises questions about how great a potential overseas markets represent. Recent export promotion activities have focused on securing footholds in these markets and realizing some of the potential.
In 1996, U.S. exports of structural panels, particleboard, and MDF amounted to a total of 1.7 million m 3 , representing about 5% of U.S production. Close to 30% of U.S. exports were shipped to Canada, while the major portion (1.3 million m 3 ) was shipped to other foreign markets. (See Appendix B, Table B1 , for details on trade in relationship to production and consumption of wood-based panels.)
The situation is different in Canada, where exports of woodbased panels reached 6.0 million m 3 in 1996. Compared to the United States, Canadian exports represented a much greater share of production-almost two-thirds. Most of these exports (85%) were shipped to the United States.
With respect to imports of wood-based panels, the situation in the United States and Canada is similar. In both countries, imports satisfy close to 15% of supply for domestic consumption, and almost all imports (close to 95%) are shipped across the U.S.-Canada border. 
Trends in Exports
Recent trends in exports have been markedly different in the United States and Canada, especially after subtracting trade between the two markets ( Figs. 15 and 16 ). One similarity, however, is the recent increase in exports to Far East markets, such as Japan, South Korea, Taiwan and Hong Kong.
South Korea and Taiwan are fast-growing economies with potentially strong construction activity. The use of wood products for construction in these markets depends in part on changing cultural traditions that favor nonwood products such as cement, training construction labor in the use of wood products, and changing building codes, especially to allow wood use in multi-story buildings (USDA FAS 1996b).
U.S. and Canadian marketing efforts in Japan have made much progress, resulting in acceptance of a broader range of wood construction material from North America, such as softwood plywood and OSB (USDA FAS 1996b,c) . As a result of ongoing trade negotiations, Japan has been moving toward greater use of performance-based product standards for construction materials. In addition, its process for writing standards has become more transparent. These actions have facilitated exports to Japan (Hicks 1997).
As Figure 15 shows, U.S. exports of softwood plywood have been slowly decreasing in recent years. This trend reflects a decrease in exports to the European Union (EU), which has traditionally been the largest U.S. export market, and a sharp decrease in exports to Mexico, following the currency devaluation in 1994. Not reflected in the general trend, however, are steady increases in exports to the Caribbean and a small but steady presence in Japan. (See Appendix B, Table B2 , for sources of data and trends by major export market.) U.S. exports of OSB (including waferboard) to offshore markets, though a very small fraction of total exports, have increased slightly, reflecting recent shipments to Japan, but exports to the EU have almost disappeared. On the other hand, U.S. exports of particleboard and MDF have been slowly decreasing, similar to the trend for softwood plywood. This decline reflects declining exports of particleboard to South Korea, Taiwan, and Japan, and MDF to the EU, South Korea, Taiwan, and Hong Kong.
In Canada, OSB exports predominate when exports to the United States are included. However, when exports to the United States are excluded, softwood plywood exports predominate ( Fig. 16) reflects an increase in shipments to Japan (Appendix B, Table B2 ). Canadian exports of OSB and particleboard to offshore markets have been increasing as well, reflecting a slow increase in exports to South Korea, Taiwan, and Japan.
As in the United States, Canadian exports of MDF have decreased (Appendix B, Table B3 ). This trend may reflect recent increases in capacity worldwide; a 125% increase is expected between 1993 and 1997 (Wood Markets Quarterly 1997).
Softwood Plywood Exports
As has been described, U.S. softwood plywood exports have predominated historically among wood-based panels and they still do, although OSB is slowly making inroads into this structural panel market. In 1996, 1.1 million m 3 of softwood plywood (60% of total wood panel exports) was exported to all foreign markets, including Canada. Excluding shipments to Canada, softwood plywood exports were slightly lower (1.0 million m 3 ), representing 76% of total panel exports.
In 1996, softwood plywood exports (0.6 million m 3 ) represented only 13% of total Canadian panel exports. However, when exports to the United States are excluded, softwood plywood exports constituted almost 70% of total panel exports.
In response to the relatively large U.S. domestic market, the U.S. softwood plywood industry is more domestically oriented than the Canadian industry. In 1996, U.S. exports of 1.1 million m 3 of softwood plywood represented only 7% of total production; the relatively constant production share during the 1990s was preceded by even lower shares of production in the 1980s. In Canada, on the other hand, exports represented 36% of production in 1996-a marked increase over previous years (Appendix B, Table B1 ).
The largest foreign market for U.S. softwood plywood has been the EU. However, recent trends have shown steadily decreasing exports there (Appendix B, Table B2 ). This decline may be due to the increasing self-sufficiency of the EU, as capacity and production among its members increases, and to imports from other sources, such as Brazil. Finland, which joined the EU in 1995 along with Austria and Sweden, added new softwood plywood capacity in 1995 and increased its production by 25%; an additional 10% increase had been expected in 1996. Most of Finland's production is targeted for export, primarily to the rest of the EU (USDA FAS 1996b).
Other significant foreign markets for U.S. exports include the Caribbean, where U.S. imports have increased, and Mexico, where U.S. imports may rebound as the country recovers from an economic crisis (Appendix B, Table B2 ).
For Canada, exports to the EU have been stagnant for the most part, whereas exports to Japan have been booming in recent years. In 1996, Japan emerged as Canada's biggest export market for softwood plywood (and the second biggest market for OSB, after the United States). Exports of plywood to Japan increased sharply in 1995, following the Kobe earthquake. In addition, Canadian market access was greatly enhanced when Japan's agricultural standards (JAS) were expanded to accept a wider range of Canadian plywood products into the building code (USDA FAS 1996b).
EU Tariff Quota
The tariff-free quota on softwood plywood imports into the EU is a factor that limits exports to the EU. It is currently set at 650 thousand m 3 /year. Imports from non-European countries are admitted duty-free as long as the cumulative imports from all sources are below the quota. Once the quota is met, additional imports are subject to the existing tariff (Hicks 1997 , USDA FAS 1996b .
One effect of the EU tariff quota is seasonal cycles in exports of softwood plywood to the EU. The quota on duty-free imports is exhausted early in the year, by March or April. This means that exporters try to schedule overseas shipments to the EU late in the year, in November or December, for arrival in January or February (Hicks 1997). Traffic is therefore especially heavy during these months and may affect short-term wood prices and transport costs.
In addition to increasing the quota to 650 thousand m 3 , in December 1995 the EU agreed to accelerate the schedule for reducing tariffs on softwood plywood. As a result, the tariff rate in 1996 was reduced from 9.4% to 8.2%, instead of 8.8%. The EU-bound duty on softwood plywood and other wood-based panels, negotiated under the Uruguay Round, is 7%, to be reached by 1999 (Hicks 1997 , USDA FAS 1996b .
OSB and Waferboard
Compared to plywood, the U.S. and Canadian OSB industries (including waferboard) have been relatively selfcontained within North America. Exports of OSB, in both Canada and the United States, have been cross-border for the most part. In 1996, almost all U.S. and Canadian production was shipped to U.S. domestic markets-84% of Canadian production and 98% of U.S. production (Appendix B, Table  B1 ). This action was in response to the large construction market in the United States.
In 1996, U.S. exports totaled 139 thousand m 3 . Of this, close to 60% was shipped to Canada and most of the remainder was shipped to Japan. Canadian exports in 1996 totaled 4,127 thousand m 3 ; of this, 95% was shipped to the United States (Appendix B, Table B2 ). However, Canadian exports to other than U.S. markets have increased significantly in recent years (Fig. 16 ). These exports have gone mostly to Japan, South Korea, and Taiwan (Appendix B, Table B2 ).
Particleboard
As with OSB, most U.S.-produced particleboard, and a large share of Canadian production, is shipped to U.S. markets. In 1996, only 4% of U.S. production was shipped to foreign markets. In Canada, about half of total production was exported, almost all to the U.S. market. Most of Canada's remaining exports were shipped to Pacific markets, principally South Korea (Appendix B, Tables B1 and B3 ).
Export markets for the United States are more diversified than those for Canada. About half of total production is shipped to Canada and the remainder to Mexico and Pacific markets. Exports to South Korea, Taiwan, and Japan have been decreasing in recent years, while exports to Hong Kong have been slowly increasing (Appendix B, Table B3 ).
To the extent that particleboard can be used in building construction, it faces similar use constraints as do woodbased construction panels in such markets as Mexico, South Korea, and Taiwan. These constraints relate to unfamiliarity with using wood in home construction in places where homes have traditionally been built with concrete or other nonwood materials.
Medium Density Fiberboard
As with other panel products, trade in MDF has taken a larger share of production and consumption in Canada than in the United States. In recent years, U.S. exports of MDF have been 9% to 12% of total production, although they were only 5% of production in 1996. In Canada, exports have been 45% to 60% of total production in recent years; that share dropped to 33% in 1996 (Appendix B, Table B1 .)
Trade in MDF between the U.S. and Canada has been increasing, while exports to offshore markets have been decreasing. The fraction of U.S. exports to Canada has increased steadily in the past decade; >50% of MDF was exported to Canada in 1996. Conversely, the fraction shipped to EU and Pacific markets has decreased, from 90% in 1990 to <50% in 1996. Similarly, the fraction of the Canadian market shipped to the U.S. market has increased to >80% of total exports, and the fraction shipped to EU and Pacific markets has decreased, from 73% in 1990 to <20% in 1996 (Appendix B, Tables B1 and B3) .
There have been large increases in MDF capacity worldwide since 1993, and more are expected in the near term, especially in the United States and Canada. The consequent higher potential for production in major world markets means that competition will center on cost and quality of product and service (Wood Markets Quarterly 1997).
Major Trade Agreements NAFTA
A major aspect of U.S. and Canadian trade of wood-based panels, as with other wood products, is the interdependence of the two trade markets. This interdependence was implicitly recognized by the enactment of the U.S.-Canada Free Trade Agreement (CFTA) in 1989, which was broadened in 1994 to include Mexico and became the North American Free Trade Agreement (NAFTA). The goal was to promote trade among the three partners by eliminating tariff and nontariff barriers over a 10-year period.
In accordance with CFTA, the United States and Canada enacted an agreement in 1993 by which they adopted common plywood standards for construction. The new standards were incorporated into the National Building Code of Canada, providing access for U.S. plywood into Canadian construction markets. The agreement also cut Canada's tariff on U.S. plywood in half, to 7.5% in 1993. The tariff has been steadily reduced since then, and it is to be eliminated by 1998 (USDA FAS 1994) .
There are few remaining tariffs on wood products between the U.S. and Canada. In 1996, these included a Canadian tariff of 1.2% on U.S. MDF and tariffs of 0 to 4.5% on U.S. plywood; there were no tariffs on particleboard and OSB in 1996 (USDA FAS 1996b). The situation was similar for U.S. imports from Canada. Any remaining tariffs are to be eliminated by the end of 1997.
Uruguay Round Agreement
Tariff barriers have been declining worldwide for many years, especially in developed countries. This has been principally a result of continuing GATT negotiations, especially since the conclusion of the Tokyo Round in 1979 (Barbier 1996 .
Major progress to reduce tariff and nontariff barriers even further has been achieved with the Uruguay Round Agreement. Completed in 1994 after 8 years of negotiations, the agreement involves more than 120 countries. The agreement took effect on January 1, 1995, and the World Trade Organization (WTO) was established.
The Uruguay Round Agreement has been especially important with respect to wood-based panels, which have been subject to much higher tariff rates worldwide than have other wood products, including paper and related products. Before 1995, the (trade-weighted) average tariff rate on wood-based panels in developed countries was 9.4%-the highest average rate among all wood and paper product categories. Under the Uruguay Round Agreement, most developed countries agreed to reduce tariff rates for wood-based panels by an (weighted) average of 31% over 5 years, to a rate of 6.5% (Barbier 1996 , Hicks 1996 .
Canada-Chile Free Trade Agreement
Canada and Chile signed a bilateral trade agreement in November 1996 , to be enacted in June 1997. The agreement is patterned after NAFTA and is viewed as a step toward integrating Chile into NAFTA. The agreement will eliminate Canadian tariffs on wood products and most of Chile's tariffs. Tariffs on some panel products will be phased out over a 6year period (USDA FAS 1996c).
Currently, Chile has an across-the-board tariff of 11% on all imports, which could potentially be increased to its bound rate of 25%. In addition, an 18% value-added-tax (VAT) is levied on goods sold in the domestic market (USDA FAS 1996b) . The Canada-Chile Free Trade Agreement will significantly reduce tariff barriers to wood products trade. Canada currently exports small amounts of OSB to Chile, but there may be potential for increased exports.
Strong economic growth in Chile has stimulated the construction sector. Although domestic production of wood products is generally sufficient to meet overall demand, there is potential for imports, especially into the northern region. Chile's timber supply and wood products sector is largely centered in the south, and shipments to the far north are constrained by distance and transport costs.
General Observations on Trade
Recent trends in U.S. and Canadian trade in wood-based panels indicate that a large share of trade occurs between the two markets, especially in meeting domestic demand for imports. Most Canadian trade in OSB, particleboard, and MDF-both exports and imports-is closely tied to the U.S. market. However, Canadian efforts to diversify shipments, especially to markets in the Far East are resulting in steadily increasing exports to those markets. Canadian exports of OSB to Japan have been growing especially fast. U.S. production of wood-based panels has been aimed mostly at the domestic market. A very small share of production is shipped to foreign markets, and a large part of these shipments, except for plywood, has been directed to Canada. Recent trends for the remaining exports to offshore markets have been slowly decreasing. With respect to U.S. exports of construction panels, especially plywood, this reflects decreasing exports to traditional European markets. However, exports to Mexico and the Caribbean have risen. There is also potential for U.S. exports to the Far East, although Canada is currently dominating trade to those markets. U.S. and Canadian marketing efforts have been directed toward changing standards and building codes, particularly in Japan, to allow broader use of wood products from North America. Similar changes are being sought in other Far East markets, such as South Korea, with regard to permitting wood use in multi-story buildings. Efforts are also being directed toward orientation and training in the use of wood products in construction applications, where alternative materials have traditionally been used.
Conclusions
Our study of the status of and prospect for the structural and nonstructural panel industries leads to the following observations and conclusions:
• Panel manufacturers are increasingly leaning toward the use of wider and longer presses, which translates to increased volumes and economies of scale among newer plants, placing older plants at a disadvantage.
• Almost all medium density fiberboard (MDF) plants being built today involve continuous presses. Continuous presses are being developed for OSB plants as well, which, when perfected, will introduce a new element into OSB economics.
• The success and high profitability of OSB in the 1990s contained within it the sources of its current downturn. A two-tiered structure has emerged that consists of newer, larger, low-cost plants at one end and older, smaller, high-cost plants at the other. The prospects for the second tier could be enhanced by creative solutions that redirect output from oversupplied commodity sheathing to specialty items. Changes could include conversion to the production of beams or oriented strand lumber, or lamination of panels to match lumber thicknesses and cutting the billets to standard lumber widths. In either case, research and development is needed to ensure a satisfactory product.
• The production and use of engineered lumber products are accelerating. Unlike OSB, engineered wood products are in the early phase of their life cycle with considerable potential for growth. At current prices, I-joists appear to be competitive with lumber for floor framing.
• Among all panel sectors, the tendency has been toward increasing the size and scale of manufacturing plants. Companies that have survived over the long run typically have upgraded their facilities to keep pace with cost-reducing technologies. Economy-of-scale considerations have been less pronounced in the I-joist industry, but they may become more so as that sector grows and matures.
In conclusion, we note that the wood products industry has been rapidly adapting to the realities of constrained public timber supply. In the short term, the ability to utilize smaller trees, especially underused hardwoods in the eastern United States and small-diameter coniferous trees in eastern Canada, has allowed demands for products to be met by the redeployment of investments to the eastern half of the continent. But as the demands for wood products increase and the costs of these sources of fiber rise, other options may need to be considered. Of increasing interest to industry is the use of short-rotation hardwood woody crops (SRWCs), the fastest growing of which are the poplars and their various hybrid cultivars. Research results indicate that such plantations can yield 6 to7 times as much fiber as trees grown in natural forests. 
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